Carriers of BRCA2 germline mutations are at high risk to develop early-onset breast cancer. The underlying mechanisms of how BRCA2 inactivation predisposes to malignant transformation have not been established. Here, we provide direct functional evidence that human BRCA2 promotes homologous recombination (HR), which comprises one major pathway of DNA double-strand break repair. We found that up-regulated HR after transfection of wildtype (wt) BRCA2 into a human tumor line with mutant BRCA2 was linked to increased radioresistance. In addition, BRCA2-mediated enhancement of HR depended on the interaction with Rad51. In contrast to the tumor suppressor BRCA1, which is involved in multiple DNA repair pathways, BRCA2 status had no impact on the other principal double-strand break repair pathway, nonhomologous end joining. Thus, there exists a specific regulation of HR by BRCA2, which may function to maintain genomic integrity and suppress tumor development in proliferating cells.
D
NA double-strand breaks (DSBs) can arise spontaneously during normal DNA metabolism or may be induced by exogenous DNA-damaging agents. Unrepaired or misrepaired DSBs are either lethal or mutagenic. Homologous recombination (HR) and nonhomologous end joining (NHEJ) are the two major mechanisms by which DSBs are repaired in mammalian cells (1, 2) . NHEJ requires little or no homologous template and may be considered mutagenic because there is often a change of sequence at the site of the break. Defects in NHEJ result in hypersensitivity to ionizing radiation, severely impaired V(D)J recombination, and chromosome instability (3) (4) (5) . In contrast to NHEJ, HR uses a homologous DNA template and may repair DSBs with high fidelity. However, HR also can give rise to loss of heterozygosity, a mechanism for unmasking a recessive gene mutation such as in a tumor suppressor gene (6) ; and chromosome translocation, which can give rise to gene mutations. Proteins involved in executing HR include Rad51, Rad52, Rad54, and other homologs (7, 8) . Cells with a mutation in any of these genes display defective HR, extensive spontaneous chromosomal aberrations, impaired cell proliferation, and͞or increased radiosensitivity (9, 10) . Proteins involved in regulating the levels of HR include p53 and ataxia-telangiectasia mutated (ATM). Cells with nonfunctional p53 or ATM exhibit elevated HR frequencies (11) (12) (13) (14) and show an increased frequency of loss of heterozygosity and decreased chromosomal stability (15) . Therefore, the balanced regulation of chromosomal exchanges by HR and the precise execution of homology-directed DSB repair are essential for maintaining genomic integrity in mammalian cells.
Mutations in the hereditary breast cancer genes BRCA1 and BRCA2 predispose carriers to breast and ovarian cancer (reviewed in refs. 16 and 17) . BRCA2 also has been found to be mutated in 10% of pancreatic cancers studied (18) . Although stable interaction between BRCA1 and BRCA2 in mitotic and meiotic cells suggested their functional association (19) , the mechanisms by which BRCA1 or BRCA2 inactivation gives rise to cancer have not been established. A function of BRCA1 in DNA repair has been established by its rapid hyperphosphorylation after DNA damage (20) by ATM (21) and CDS1 (22) , as well as its involvement in regulation of multiple DNA repair pathways, including transcription-coupled repair (23) , homologous recombinational repair (24) , and probably nonhomologousmediated chromosomal break rejoining (25) . Little is known, however, about the function of BRCA2. A role of BRCA2 in DNA repair was implied by recent evidence (reviewed in ref. 26 ). The BRCA2 protein directly associates with the Rad51, a protein essential for HR and HR-mediated DNA repair (27) . BRCA2 binds to Rad51 through its BRC repeats (27, 28) , and each repeat has a different binding ability. The less conserved BRC5 and BRC6 are not required for binding. The BRC4 region, in which a familial breast cancer mutation, G1529R, has been found, showed threefold stronger binding to Rad51 than BRC1, which itself is a critical Rad51-binding repeat. It is reported that interaction of the BRC4 repeat with Rad51 inhibits the ability of Rad51 binding to DNA and nucleoprotein filament formation (29) . In addition, the phenotypic changes seen in BRCA2 knockout mouse cells are similar to those observed in Rad51-deficient cells, including radiosensitivity, chromosomal aberrations, and inhibition of proliferation (30) (31) (32) . In the present study, we provide direct functional evidence that BRCA2 promotes HR and has no effect on break-induced NHEJ. By specifically promoting homology-mediated high fidelity repair of DSBs generated endogenously during DNA metabolism, or exogenously by ionizing radiation, BRCA2 ensures genomic integrity in proliferating cells.
was reported by Hamilton and Thacker (33) . A puromycin resistance (puroR) gene for selection of stable chromosomal integrants was inserted into the EcoRI site of p⌬2. Plasmid DNA was transfected into Capan-1 cells by using Lipofectamine-Plus (Life Technology) following the manufacturer's instructions.
Immunoprecipitation and Western Blotting. The HA-tagged BRCA2 protein (HA-BRCA2) expressed in transfected Capan-1 cells were immunoprecipitated from the nuclear extracts with anti-HA antibody (12CA5). The immunocomplexes were eluted from Protein-A Sepharose beads by boiling in reduced SDS-loading buffer. Proteins in immunocomplexes from Capan-1 cells, or in nuclear extracts from human breast cancer cell line MCF7, a control for BRCA2 expression, were separated by SDS͞PAGE on 5% gel. The fractionated proteins were transferred to Immobilon-P polyvinylidene fluoride membrane (Millipore) and immunoblotted with anti-BRCA2 antibody (Ab-2, Oncogene Science), which recognizes a C-terminal epitope of BRCA2.
Homologous Targeting Assay. To measure homology-directed chromosomal-targeting frequencies, Capan-1 cells were initially transfected with linearized p⌬2-puro and selected for stable chromosomal integration (Capan͞p⌬2-puro) by their resistance to puromycin (0.5 g͞ml) but sensitivity to XHATM (1 g͞ml xanthine, 1 g͞ml mycophenolic acid, 1.36 g͞ml hypoxanthine, 0.017 g͞ml aminopterin, and 0.387 g͞ml thymidine). Next, Capan͞p⌬2-puro cells were cotransfected with a wt BRCA2 expression vector or a control vector and the circular donor plasmid p⌬3 vector at a molar ratio of 1:5 with Lipofectamine, and subsequently allowed to grow under XHATM selection. Cells with random chromosomal integration of p⌬3 maintained their sensitivity to XHATM; whereas cells in which HR between the integrated p⌬2-puro and the episomal p⌬3 donor had led to restoration of the xgprt gene survived XHATM selection and formed viable colonies. HR frequencies were determined by the number of XHATM-resistant colonies per total number of viable cells seeded.
Clonogenic Survival Assays. Cells were seeded onto 100-mm tissue culture dishes for 16 h. Ionizing radiation was applied to cells by using a Siemens Stabilipan 2 x-ray generator at 250 kVp, 12 mA, and dose rate of 2.08 Gy͞min. For UV-C treatment, adherent cells were washed with PBS and directly exposed to UV-C light with no liquid on the top of the monolayers. Viable colonies containing at least 50 cells were counted after 3 weeks incubation time, and survival fractions were calculated as the plating efficiency of treated cells relative to the plating efficiency of untreated control cells.
DSB-Rejoining Assays by Pulse-Field Gel Electorphoresis (PFGE).
The DSB-rejoining assay using PFGE has been described elsewhere (34) . In brief, equal numbers of exponentially growing cells labeled with [ 14 C]thymidine were embedded in agarose and exposed to IR at the indicated doses at 4°C. For determination of break induction, cells were lysed immediately in the plug and subjected to PFGE. For determination of rejoining kinetics, cells were incubated at 37°C for various periods of time after expose to ionizing radiation to allow for fragment rejoining. Fragmented DNA migrated into the gel and appeared as a smear when visualized by UV light after ethidium bromide staining. The level of DNA breakage was estimated by the fraction of activity released from the plug into the gel. Fraction of activity released was quantified with PhosphorImager (Molecular Dynamics) and plotted as a function of radiation dose or repair time.
Results

BRCA2 Status of Capan-1 Cells.
The pancreatic carcinoma line Capan-1 is the only known established human cell line with nonfunctional BRCA2 status (18) . Whereas one wt allele is lost, the second allele carries a cancer-associated 6174delT mutation which gives rise to a BRCA2 product that is truncated at codon 1,982 with loss of Ϸ40% of the C terminus of the protein (19, 27) . There are discrepancies about the function of this truncated BRCA2 protein, reported by different studies. Although this truncated form of BRCA2 protein still retains the Rad51 binding sites and interacts with Rad51 as determined by coimmunoprecipitation (27, 35) , loss of two nuclear import signals results in its exclusion from the nucleus (36) .It is possible that mutant BRCA2 in Capan-1 cells still retains residual nuclear functions. To restore wt function in various experimental settings, cells were transfected with a pcDNA3-based expression vector containing an HA-tagged wt BRCA2 (pBRCA2-HA) or an empty control vector (pcDNA3). Transient or stable BRCA2 expression in transfected Capan-1 cells were verified by immunoprecipitating with anti-HA mAb (12CA5) and immunoblotting by using a C-terminal BRCA2 antibody (Ab2) (Fig. 1) . Endogenous mutant BRCA2 protein in parental Capan-1 or Capan-1͞vector cells were therefore not visualized. An HA-tagged full-length BRCA2 protein from Capan-1͞HA-BRCA2 cells comigrated with endogenous wt BRCA2 from MCF7 cells at Ϸ400 kDa. Expression of BRCA2 was detected in polyclonal populations, in an effort to avoid any bias resulting from clonal selection. No apparent changes on cell death, growth rate, or plating efficiency were observed upon reconstitution of wt BRCA2 in Capan-1 cells.
BRCA2 Promotes Spontaneous HR. HR has been commonly studied by means of various plasmid-based assays (11, 14, 24, 37) . For example, Essers and coworkers (8) measured HR in Rad54-deficient murine cells and their normal counterparts by using a gene-targeting technique. They found that reduced homologous plasmid-targeting frequencies in the absence of Rad54 protein were associated with cellular radiosensitivity, thus implying a defect in homology-directed DSB repair. With a similar approach to determine the effect of BRCA2 on HR in a chromosomal context, we used a chromosomal homologous-targeting system by using the plasmid substrates p⌬2-puro and p⌬3 (Fig.  2a) . Each plasmid carries a copy of the bacterial xgprt gene, which has been inactivated either by a 5Ј or 3Ј deletion (p⌬2-puro or p⌬3, respectively). Neither of the xgprt mutations are revertible, and only HR, via either gene conversion or gene crossover between these two mutant copies can reconstitute a functional xgprt gene, thereby conferring resistance to XHATM drug selection in cell culture (14, 33) . For cells without wt BRCA2, a mean homology-mediated chromosomal-targeting frequency of Fig. 1 . Expression of BRCA2 in Capan-1 cell. Nuclear extracts from untransfected Capan-1 cells and Capan-1 cells transfected (transiently or stable integration) with a pcDNA3-based expression vector coding for HA-tagged wt BRCA2 or an empty control vector were immunoprecipitated with anti-HA antibody, followed by Western blotting with anti-BRCA2 antibody. The nuclear extracts from MCF7 were used as control for endogenous expression of wt BRCA2.
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was observed (Fig. 2b) . After reconstitution of wt BRCA2 status, the spontaneous HR frequencies were elevated by 10-fold.
Because the level of HR-mediated targeting can be influenced by both plasmid uptake capacity and NHEJ-mediated random integration efficiency of the cell, we next examined whether BRCA2 affects these two processes. To measure plasmid uptake, pCMVGFP, which express green fluorescent protein, were cotransfected with BRCA2 expression vector pBRCA2-HA or empty control vector pcDNA3 into capan-1 cells by lipofection. Expression of green fluorescent protein was visualized under fluorescent microscopy 48 h after transfection. Green fluorescent protein-positive frequencies were consistently at Ϸ10% of transfected cells regardless BRCA2 status (data not shown). To evaluate the NHEJ-mediated random integration, we cotransfected p⌬2-puro with pBRCA2-HA or pcDNA3 into Capan-1 cells. Puromycin was used for selecting random integration events. As seen in Fig. 5a , BRCA2 has no effect on random integration frequencies, which were 1.1-2.2 ϫ 10
. It should be noted that the gene-targeting frequency is much higher than the random integration frequency, implying that HR targeting can be the dominant integration event in this assay. Therefore, the data demonstrate that wt BRCA2 promotes homology-directed recombination in human cells. In agreement with our data, low levels of HR were reported in Capan-1 cells with a single integrated copy of intrachromosomal HR substrate, which detect gene conversion event only (38) . The same study also reported that the levels of HR targeting in Brca2 lex1/lex2 mouse ES cells were reduced compared to normal ES cells (38) , supporting that the effect of BRCA2 on HR targeting is not unique to Capan-1 cells. A comparable role for BRCA1 also has been suggested in a recent study of HR in mouse embryo stem cells, either null or heterozygous for BRCA1 (24) . The effect of BRCA2 on HR depends on its interaction with Rad51.
To further explore the molecular mechanism of the function of BRCA2 in regulation of HR, we asked whether the binding of BRCA2 to Rad51 (27) is critical because Rad51 is a highly conserved from bacterial to human cell and essential for HR. It has been reported that expression of wt BRC4 effectively disrupted the interaction of BRCA2 with Rad51 (39) and thus exhibiting a dominant-negative effect leading to cellular hypersensitivity to ionizing radiation (39) . In contrast, the T to A mutation in BRC4, namely BRC4-M5, eliminated its binding to Rad51 in vitro and had no dominant-negative effect on the BRCA2-Rad51 interaction in vivo. We cotransfected an expression vector carrying the wt BRC4 repeat together with BRCA2 and p⌬3 into Capan͞p⌬2-puro cells. The enhanced HR frequency in cells with wt BRCA2 (71.5 ϫ 10 Ϫ4 ), which compared to 13.5 ϫ 10
in cells without wt BRCA2, was inhibited 15-fold upon BRC4 coexpression (Fig. 3) . However, BRCA2-mediated up-regulation of HR was not significantly compromised when a mutant BRC4 allele, BRC4-M5, was coexpressed. This result suggests that the interaction of BRCA2 with Rad51 is critical for the function of BRCA2 in regulation of HR. The basal levels of HR frequency in BRCA2-deficient cells were not affected by either wt or mutant BRC4 coexpression.
BRCA2-Enhanced HR Is Associated with Radioresistance in Capan-1
Cells. Several lines of evidence indicate that plasmid-based spontaneous HR, which may reflect repair of endogenous DNA damage, are closely correlated with exogenous DSB-induced HR (24, 37) . For example, BRCA1-null murine embryonic stem cells showed reduced levels of both spontaneous HR-and restriction endonuclease (I-Sce-I)-induced HR repair of DSBs, when compared to BRCA1 heterozygotes (24) . Overexpression of Rad51 in CHO cells resulted in increased spontaneous homologous exchange frequencies in a chromosomal plasmid substrate, which was correlated with an increase in cellular radioresistance, thereby linking plasmid-based HR to homology-mediated repair of exogenous DSBs (40) . Conversely, Rad54-null embryonic stem cells exhibited reduced levels of homologous gene targeting and reduced survival upon exposure to IR (8) . Recently, a 5-to 6-fold reduction in I-Sce-I induced DSB repair was reported in ES cells from BRCA2 lex1/lex2 mouse, compared to BRCA2 ϩ/ϩ mouse (38) . However, DSB ends generated by the endonuclease I-Sce-I or by ionizing radiation may require different repair processes. Therefore, we sought to determine whether increased radiosensitivity in BRCA2-deficient cells, as reported by others, is linked to impaired HR. Specifically, we tested whether BRCA2-mediated enhancement of HR was associated with increased resistance to IR-induced cell killing. By using a colony formation assay to measure cellular radiosensitivity, we found that exogenous expression of wt BRCA2 in Capan-1 cells resulted in a significant increase in cellular radioresistance as compared to control vector transfection or to parental Capan-1 cells (Fig. 4a) . The fraction of cells surviving at a dose of 2 Gy (SF2), were 0.59, 0.35, and 0.34 in Capan-1 cells transfected with wt BRCA2, a control vector, and with no vector, respectively. A difference of 0.2 between SF2 values is considered significant for clinical radiotherapy (41) . In comparison, reintroduction of wt BRCA2 into Capan-1 cells did not affect cell sensitivity to UV irradiation (Fig. 4b) , which is mainly determined by the function of nucleotide excision repair. Our findings from human Capan-1 cell, together with the observation from the BRCA2 lex1/lex2 mouse (38) , indicate that the effect of BRCA2 is relatively specific for IR and not a general effect in abrogating cell death or regulating nucleotide excision repair. These data suggest that BRCA2-mutant tumor cells are radiosensitive because of, at least in part, an impaired ability to carry out HR-mediated DSB repair.
BRCA2 Status Has
No Impact on Break-Induced NHEJ. As both HR and NHEJ pathways are important determinants of radiosensitivity in mammalian cells, we wanted to clarify whether the dependence of cellular radiosensitivity on BRCA2 status also can be attributed to functions in the NHEJ pathway. For this, we used two different approaches. In the first approach, we evaluated the random chromosomal integration frequencies of transfected plasmids, a process which involves NHEJ and is impaired in Ku-deficient cells (42) . Cotransfection of linearized p⌬2-puro plasmid either with a BRCA2 expression vector or with a control vector into Capan-1 cells and subsequent selection for chromosomal integration by cell resistance to puromycin yielded similar mean integration frequencies: 2.2 Ϯ (SEM) 0.889 ϫ 10 Ϫ4 with a BRCA2 expression vector and 1.1 Ϯ (SEM) 0.268 ϫ 10 -4 with control vector, (t test, P ϭ 0.886) (Fig. 5a) .
Secondly, we measured radiation-induced DNA fragmentation and break-rejoining kinetics in Capan-1 cells by PFGE. There was no difference either in the yield of radiation-induced DSBs, or in the rejoining kinetics of DSBs in Capan-1 cells, compared to cells that are NHEJ proficient (data not shown). Furthermore, reconstitution of wt BRCA2 function in Capan-1 did not change the DSB-rejoining capacity (Fig. 5b) . Together, these observations strongly suggest that BRCA2 is not involved in break-induced repair by NHEJ. In line with other HRdeficient cells, resulting from mutations in either XRCC2, XRCC3 (43-44), Rad51, Rad52, or Rad54 (G.I., unpublished data), no deficiency in the rejoining of fragmented DNA (PFGE or other methods) was seen. Thus, the increased radiosensitivity in BRCA2-mutated Capan-1 cells is likely because of deficient homology-mediated repair of exogenously induced DSBs.
Discussion
BRCA2 Is a Positive Regulator of HR.
We have obtained direct functional evidence demonstrating that human BRCA2 promotes HR (Fig. 2b) . In recent studies, BRCA2 protein was found to interact with Rad51, a central HR effector protein (45) , as well as with BRCA1, a newly discovered regulator of HR (24) . Although a low level of HR was recently reported in Capan-1 cells (38) , its mechanism remains unknown. By using plasmidbased isogenic-targeting assay, which is considered to be one of the most efficient measure of HR in mammalian cells (46, 47) , we found an average of 10-fold increase of HR-mediated targeting frequency when wt BRCA2 was reintroduced into BRCA2-deficient Capan-1 cells. Unlike Rad51-deficient cells however (10, 48) , basal level HR still can occur even in the absence of functional BRCA2. These data argue that BRCA2 is more likely to be a regulator of overall HR levels, similar to BRCA1, p53, and ATM (11) (12) (13) (14) rather than an essential effector of HR, such as Rad51.
Mechanisms for Function of BRCA2 in HR Regulation. It has been shown that expression of wt, but not mutant BRC4 repeat (39) , diminished the interaction of wt BRCA2 with Rad51. This dominant-negative effect of BRC4 on the interaction of BRCA2 and Rad51 resulted in increased radiosensitivity, and disabled the formation of Rad51 foci after DNA damage. In an in vitro biochemical assay, it was shown that the interaction of BRC4 repeat with Rad51 prevents the binding of Rad51 to DNA and the formation of nucleoprotein filament (29) . We found that the enhancing effects of BRCA2 on HR-mediated gene targeting in Capan-1 was suppressed significantly on expression of the wt, but not mutant, BRC4 repeat. Together, the data indicate that one important mechanism underlying the regulation of HR by BRCA2 is through its interaction with Rad51.
In this experiment, we also noticed that the basal level of HR targeting in Capan-1 cells transfected with wt BRC4 repeat tended to be lower than that in control vector transfection. Although the reduction in not significant statistically, it suggests a residual interaction of rad51 with the endogenous mutant BRCA2 protein in Capan-1, as reported by others (27, 35) . However, a reduction in HR also was seen with mutant BRC4 transfection, raising the possibility that the effect is not specific to the mutant BRCA2-Rad51 interaction. Because the levels of Rad51 expression were not affected by BRCA2 status in our study (data not shown), it is less likely that an alteration of Rad51 expression would be a significant determinant of BRCA2-dependent HR. In a recent study (38) , I-Sce-I-induced DSB repair was found to be 5-6 times lower in ES cells from the is unclear. Other mechanisms involving BRCA1, Bub1, or p53, which physically or functionally associate with BRCA2 (19, 35, 49) , also may be relevant in this respect. (57) . It is noted that a recent study in Capan-1 cells reported nearly absent DSB rejoining (58) . However, such an absence of DSB rejoining has not been previously observed in either HR-deficient or NHEJ-deficient cells, raising the concern that this observation may be incorrect. In another study using BRCA2-knockout mouse cells (31) , impaired DNA repair after exposure to IR was reported by using the comet assay. However, the mechanisms that affect the formation of a comet tail in this assay are complicated, and include chromosomal breaks, alterations in chromosomal structure, and changes in histone proteins.
BRCA2 Promotes HR-Mediated DSB Repair to Maintain Genomic Stability. In prokaryotes, it has been shown that HR-mediated DNA repair plays a major role in repairing DSBs, generated either endogenously during DNA replication in S-phase or exogenously by genotoxic agents, thereby maintaining genomic integrity, and cell proliferation (6, 59) . In mammalian cells, accumulating evidence shows that HR plays a important role in mitotic and meiotic recombinational repair of DSBs as well (61) . High spontaneous chromosome instability, resulting from unrepaired endogenous DSBs, and increased radiosensitivity, linked to deficient repair of exogenous DSBs, were observed in mammalian cells that are HR deficient. This combination of features is thought to be because of mutations arising in genes that participate in the HR process, namely, Rad51, Rad54, XRCC2, and XRCC3 (7, 8, 55, 49, 62) . Accordingly, it is possible that the reduced proliferative capacity, the increased levels of spontaneous chromosomal aberrations, and the radiosensitivity seen in BRCA2-mutated cells (30) (31) (32) might be because of compromised homology-mediated repair of chromosomal breaks arising from DNA replication and ionizing radiation. A plausible working hypothesis is that the function of BRCA2 is to be a regulator of HR, to ensure high-fidelity repair of replication intermediates, and thereby, maintaining genomic integrity in proliferating cells.
In summary, we present the first direct evidence that BRCA2 specifically promotes HR, a process which accurately repairs DSBs that arise during DNA replication in proliferating cells or after exposure to ionizing radiation. However, unlike BRCA1, which is involved in multiple DNA repair pathways including transcription-coupled DNA repair, HR repair (24) , and also NHEJ (25) , BRCA2 is restricted to the HR pathway through direct physical interaction with Rad51 and has no effect on NHEJ. We propose that compromised mitotic and meiotic homologous recombinational repair in BRCA2-deficient breast epithelial cells, together with their continued proliferation capacity, because of inactivation of cell cycle checkpoints, results in accumulation of genetic mutations at a faster rate in these cells than in their BRCA2 wt counterparts. The early onset of breast cancer in BRCA2 mutation carriers may arise through a similar process, but whether heterozygotes have detectable genetic instability and why cancer predisposition is largely restricted to breast cancer remains to be determined.
